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ABSTRACT
We analyze high angular resolution ALMA observations of the TW Hya disk to place constraints on
the CO and dust properties. We present new, sensitive observations of the 12CO J = 3 − 2 line at
a spatial resolution of 8 AU (0.′′14). The CO emission exhibits a bright inner core, a shoulder at
r ≈ 70 AU, and a prominent break in slope at r ≈ 90 AU. Radiative transfer modeling is used to
demonstrate that the emission morphology can be reasonably reproduced with a 12CO column density
profile featuring a steep decrease at r ≈ 15 AU and a secondary bump peaking at r ≈ 70 AU. Similar
features have been identified in observations of rarer CO isotopologues, which trace heights closer to
the midplane. Substructure in the underlying gas distribution or radially varying CO depletion that
affects much of the disk’s vertical extent may explain the shared emission features of the main CO
isotopologues. We also combine archival 1.3 mm and 870 µm continuum observations to produce a
spectral index map at a spatial resolution of 2 AU. The spectral index rises sharply at the continuum
emission gaps at radii of 25, 41, and 47 AU. This behavior suggests that the grains within the gaps
are no larger than a few millimeters. Outside the continuum gaps, the low spectral index values of
α ≈ 2 indicate either that grains up to centimeter size are present, or that the bright continuum rings
are marginally optically thick at millimeter wavelengths.
Keywords: protoplanetary disks—stars: individual (TW Hydrae)—astrochemistry—ISM: molecules
1. INTRODUCTION
Tracing the distribution of dust and volatiles in proto-
planetary disks is key for guiding models of planet for-
mation. Disk observations may be useful for constrain-
ing the formation locations of planets (e.g. O¨berg et al.
2011; Zhu et al. 2014; Dong et al. 2015), the mechanisms
by which the dust and gas distributions in disks evolve
to form planets and planetesimals (e.g. Pe´rez et al. 2012;
Birnstiel et al. 2015; van der Marel et al. 2015), and the
abundances of volatiles that will eventually be incorpo-
rated into planetary atmospheres (e.g. Cridland et al.
2016; Eistrup et al. 2016; O¨berg & Bergin 2016).
Millimeter/submillimeter interferometry plays a fun-
damental role in characterizing disk structures due to
jane.huang@cfa.harvard.edu
the high spatial resolution and sensitivity that can be
achieved for observations of both dust and molecu-
lar emission. Observations of the millimeter contin-
uum, which is dominated by thermal emission from
millimeter-sized grains, can test models of grain growth
and transport (e.g. Birnstiel et al. 2010; Ricci et al. 2010;
Guilloteau et al. 2011; Andrews et al. 2012). CO is often
targeted simultaneously with continuum observations;
as an abundant and easily observable molecule, CO is
used to infer fundamental properties such as gas masses
and temperatures (e.g. Dartois et al. 2003; Rosenfeld
et al. 2013; Williams & Best 2014). In addition, since
CO is the primary gas-phase carbon reservoir in disks,
characterizing its distribution is also pertinent to pre-
dicting the abundances and distribution of many other
species that are major components of the gas and ice in-
corporated into planets and planetesimals (e.g. Aikawa
& Herbst 1999; Reboussin et al. 2015).
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2Due to its proximity, relative isolation, bright emis-
sion, and nearly face-on orientation, the TW Hya disk
(J2000 R.A. 11h01m51.905s, Decl. -34d42m17.03s) has
long served as a template for protoplanetary disks,
spurring the development of techniques, models, and
lines of inquiry that have since been extended to other
sources (e.g. Calvet et al. 2002; van Dishoeck et al. 2003;
Qi et al. 2004, 2013; Bergin et al. 2013). TW Hya is a 10
Myr old K6 star in the TW Hydrae association lying 59.5
pc away from Earth (e.g. Kastner et al. 1997; Webb et al.
1999; Torres et al. 2006; Weinberger et al. 2013; Gaia
Collaboration et al. 2016). Intriguingly, recent observa-
tions have revealed concentric rings and gaps in millime-
ter/submillimeter continuum emission tracing the distri-
bution of large dust grains near the midplane (Andrews
et al. 2016; Tsukagoshi et al. 2016), scattered light ob-
servations tracing the distribution of small dust grains
in the upper layers of the disk (e.g. Debes et al. 2013;
Akiyama et al. 2015; Rapson et al. 2015; van Boekel
et al. 2017), and molecular line emission (e.g. Nomura
et al. 2016; Schwarz et al. 2016; Teague et al. 2017).
The origins of these features and their relationships to
one another are not yet definitively established. Em-
bedded planets, molecular snowlines, structured magne-
tohydrodynamic turbulence, and photoevaporation are
often invoked as hypotheses to explain the types of fea-
tures observed in the TW Hya disk (see aforementioned
references and, e.g., Flock et al. 2015; Zhang et al. 2015;
Dong et al. 2017; Ercolano et al. 2017).
To place additional constraints on the dust and CO
distributions in the TW Hya disk, we analyze new
high angular resolution ALMA observations of the 12CO
J = 3 − 2 transition, as well as a spectral index map
produced from archival 1.3 mm and 870 µm continuum
observations. The data reduction is described in Sec-
tion 2. The observed line and continuum emission are
described in Section 3, and radiative transfer modeling
of the 12CO data is presented in Section 4. We provide
a discussion in Section 5 and a summary in Section 6.
2. OBSERVATIONS AND DATA REDUCTION
2.1. Continuum Reduction
We reprocessed and combined archival 1.3 mm (Band
6) and 870 µm (Band 7) continuum data from six ALMA
programs. The raw data from programs 2013.1.00114.S,
2013.1.00198.S, and 2015.1.00686.S were calibrated by
National Radio Astronomical Observatory (NRAO)
staff, and the raw data from programs 2013.1.00387.S,
2015.A.00005.S, and 2013.1.01397.S were downloaded
from the ALMA archive and calibrated in CASA (Mc-
Mullin et al. 2007) using the accompanying reduction
scripts. Table 1 summarizes the observation setups.
Bright quasars were used for bandpass and phase cal-
ibration, and either a solar system object (using the
Butler-JPL-Horizons 2012 model) or a bright quasar was
used for amplitude calibration. Table A1 lists calibrator
details.
Additional calibration and imaging were performed
with CASA 4.5.3. After flagging channels displaying
strong line emission and data with anomalous am-
plitudes or phases, the line-free channels were spec-
trally averaged to form continuum visibility datasets.
Data from the four programs observed with compact
antenna configurations (2013.1.00114.S, 2013.1.00198.S,
2013.1.00387.S, and 2013.1.01397.S) were first individu-
ally imaged and phase self-calibrated. The continuum
fluxes from the self-calibrated images were within 5% of
one another within each band (measured within a 2.′′5
diameter region in the images to be ≈ 0.58 and ≈ 1.4
Jy for Bands 6 and 7, respectively), which is compati-
ble with the estimated 10% systematic flux calibration
uncertainty of ALMA in these bands. Since the high-
resolution datasets (2015.1.00686.S and 2015.A.00005.S)
only had a few baselines at uv distances below 200 kλ,
the amplitudes of these visibilities were compared di-
rectly with those from the short-baseline datasets to
check for consistency at corresponding uv distances. Be-
cause of the relatively large proper motion of TW Hya,
the fixvis and fixplanets tasks in CASA were used to
shift the datasets to a common phasecenter.
A high-resolution 1.3 mm continuum image was pro-
duced by combining the data from the three Band 6
programs and applying the multi-scale multi-frequency
synthesis algorithm (Cornwell 2008), as implemented in
the clean task. Briggs weighting (robust = 0.5) and
scales of 0′′, 0.′′06, 0.′′15, 0.′′3, and 0.′′6 were used. This
generated a source model used to phase self-calibrate
the data together. A similar self-calibration and imag-
ing procedure was applied to the Band 7 data. The self-
calibrated 870 µm and 1.3 mm continuum images were
used to check for consistency with the images published
in Andrews et al. (2016) and Tsukagoshi et al. (2016),
which used the same long-baseline data and some of the
same short-baseline data. The two continuum images
and the deprojected, azimuthally averaged radial bright-
ness temperature profiles are shown in Appendix B.
The self-calibrated 870 µm and 1.3 mm continuum
datasets were then imaged together with the clean
task’s implementation of multi-term multi-frequency
synthesis (Rau & Cornwell 2011) with nterms = 2 and
a Briggs robust parameter of 0. In brief, the imaging
algorithm uses a first-order Taylor expansion to model
the source intensity as a function of frequency, i.e.,
Iν = Iν0
(
ν
ν0
)α
≈ Iν0
(
1 + α
(
ν − ν0
ν0
))
. (1)
This procedure takes advantage of the additional uv cov-
erage offered by wide-band imaging to produce a higher-
fidelity continuum image compared to imaging the Band
6 or Band 7 data individually. In addition, simultane-
ously fitting for the spectral index α during the decon-
volution process also reduces the influence of imaging
artifacts that would arise from computing the spectral
index from the Bands 6 and 7 images individually. The
combined continuum image is at a frequency of 290 GHz.
The synthesized beam is 37 × 26 mas (2.2 × 1.5 AU),
3with a position angle of 73.◦7. The rms measured in a
signal-free portion of the image is 20 µJy beam−1. The
spectral index is computed only for pixels where the in-
tensity image exceeds 0.1 mJy beam−1 (5 × the rms
noise).
Table 1. ALMA Observation Summary
Program P.I. Ref. Date Freq. range Antennas Baselines On-source Notes
(GHz) (m) time (min)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Band 6 Observations
[2013.1.00114.S] K. I. O¨berg 1, 2 2014 July 19 225.650–242.015 32 34–650 43 Continuum
[2013.1.00387.S] S. Guilloteau 3 2015 May 13 226.617–244.940 36 21–558 46 Continuum
[2015.A.00005.S] T. Tsukagoshi 2 2015 Dec. 1 223.007–242.992 35 17–10804 39 Continuum
Band 7 Observations
[2012.1.00422.S] E. A. Bergin 4 2015 May 14 330.304–330.539a 37 21–558 20 13CO
[2013.1.00196.S] P. Hily-Blant - 2014 Dec. 24 330.595–330.653a 40 15–349 38 13CO
2015 April 04 330.540–330.599a 38 15–328 75
[2013.1.00198.S] E. A. Bergin 5, 6 2014 Dec. 31 337.353–352.011 34 15–349 15 Continuum
2015 June 15 337.299–352.192 36 21–784 30
[2013.1.01397.S] D. Ishimoto 7 2015 May 19 329.236–342.904 35 21–539 27 13CO + Continuum
2015 May 20 329.236–342.904 39 21–539 27
[2015.1.00686.S] S. M. Andrews 8 2015 Nov. 23 345.492–358.057 36 23–8259 41 12CO + Continuum
2015 Nov. 30 345.494–358.059 31 27–10804 43
2015 Dec. 1 345.494–358.059 34 17–10804 43
[2016.1.00629.S] L. I. Cleeves - 2016 Dec. 30 345.780–345.839a 45 15–460 33 12CO
2016 Dec. 30 345.780–345.839a 45 15–460 18
2017 July 4 345.726–345.785a 44 21–2600 44
2017 July 9 345.726–345.785a 42 17–2600 44
2017 July 14 345.727–345.787a 42 19–1500 44
2017 July 20 345.728–345.787a 42 17–3700 44
2017 July 21 345.728–345.787a 42 17–3700 44
References—(1) Walsh et al. (2016); (2) Tsukagoshi et al. (2016); (3) Teague et al. (2016); (4) Schwarz et al. (2016); (5) Zhang et al. (2016); (6)
Bergin et al. (2016); (7) Nomura et al. (2016); (8) Andrews et al. (2016)
aThese observations also included additional spectral windows at other frequencies. The line-free channels were not incorporated into the main
continuum analysis in this work due to the relatively small continuum bandwidth available.
2.2. 12CO J = 3− 2 Data Reduction
The 12CO J = 3 − 2 transition in the TW Hya
disk was observed with extended array configurations
at channel widths of 244 kHz as part of ALMA program
2015.1.00686.S and with more compact configurations
at channel widths of 61 kHz as part of ALMA program
2016.1.00629.S. The raw data for both programs were
calibrated by NRAO staff. Details of the observation
setups are listed in Table 1.
The phase self-calibration solutions used for the high-
resolution 870 µm continuum imaging were applied
to the 12CO observations from 2015.1.00686.S. The
12CO observations from 2016.1.00629.S were phase self-
calibrated using a continuum model estimated from the
line-free channels in the same spectral window. The con-
tinuum was then subtracted from the line emission in the
visibility plane using the uvcontsub task. Because the
two programs were observed with different spectral res-
olutions, the mstransform task in CASA 5.0 was used
to regrid and average the visibilities into channels 0.25
km s−1 (288 kHz) wide. The 12CO datasets were then
imaged together with the multi-scale CLEAN algorithm
(as implemented in the tclean task in CASA 5.0) us-
ing scales of 0′′, 0.′′2, 0.′′4, 0.′′8, 1.′′6, and 3.′′2 and Briggs
weighting (robust = 1.0)1. The CLEAN mask was tai-
lored to the emission in individual channels.
The resulting image has a synthesized beam with a
FWHM of 139 × 131 mas (8.3 × 7.8 AU) at a position
angle of −74.◦9. The rms measured in nearby signal-free
1 A newer version of CASA was adopted for the line imaging due
to a bug in the visibility interpolation of spectral line data in pre-
vious versions. See https://casa.nrao.edu/casadocs/casa-5.0.
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Figure 1. Top left : 290 GHz continuum image of the TW Hya disk generated from combining Band 6 and Band 7 data. The
synthesized beam is shown in the lower left corner. Top right : The 290 GHz continuum emission deprojected and replotted as a
function of radius and azimuth, with the deprojected, azimuthally averaged radial surface brightness profile shown underneath.
The light blue ribbon shows the 1σ scatter of each radial bin. Gray dashed lines mark the location of the continuum gaps at
25, 41, and 47 AU. The Gaussian profile shows the FWHM of the minor axis of the synthesized beam. Bottom left : Spectral
index map calculated from Band 6 and Band 7 data. Bottom right : The spectral index map deprojected and replotted as a
function of radius and azimuth, with its deprojected, azimuthally averaged radial profile shown underneath. The light purple
ribbon shows the 1σ scatter in each radial bin. Values are only shown out to a radius of 55 AU because a substantial fraction
of pixels in the continuum image past this radius fall below the signal-to-noise threshold of 5σ.
channels is ≈ 1.7 mJy beam−1. A primary beam cor-
rection was applied to the image cube with the impbcor
task. An integrated intensity map was produced by sum-
ming emission above the 3σ level in the velocity range
from −1.91 to 7.59 km s−1. This velocity range was
chosen based on where the emission in the line wings
exceeded the 3σ level, but the map is robust to choice
of integration limits—truncating or extending the inte-
gration range by a few channels changed the integrated
flux by less than 0.1%.
3. OBSERVATIONAL RESULTS
3.1. The Spectral Index Between 1.3 mm and 870 µm
The 290 GHz (Band 6 + Band 7) continuum im-
age, spectral index (α) map, and deprojected and az-
imuthally averaged radial profiles are shown in Figure 1.
The adopted position angle and inclination are 152 and
5 degrees, respectively, based on comparisons between
spectral line models and data (see Section 4). These
values are consistent within uncertainties with the ori-
entation derived by Andrews et al. (2016) from the 870
µm continuum. The inclination is slightly smaller than
the commonly used value of 7◦ from Qi et al. (2004), but
5Qi et al. also use a lower stellar mass value, which is de-
generate with inclination. We favor the higher stellar
mass value of 0.88 M derived in Andrews et al. (2012)
based on SED modeling. Given the low inclination of
the TW Hya disk, the deprojected profiles are insensi-
tive to inclination choices within a few degrees of one
another.
The continuum emission appears to be azimuthally
symmetric and shows prominent gaps at radii of 1, 25,
41, and 47 AU, which is consistent with the Band 6 and
Band 7 images published in Tsukagoshi et al. (2016)
and Andrews et al. (2016). These and all subsequent
measurements quoted from the literature are adjusted
for the new Gaia distance of 59.5 pc (Gaia Collaboration
et al. 2016).
The spectral index profile is mostly flat at radii co-
inciding with the bright continuum emission rings; α
values range from 1.7 to 2.2, taking the scatter into ac-
count. The spectral index drops sharply to values close
to 1 interior to a radius of 2 AU, which is an unphysi-
cal consequence of the innermost gap only being partly
resolved in Band 6. The spectral index profile also has
local maxima with α peaking at ∼ 2.6 − 2.7 near the
locations of the continuum emission gaps at 25, 41, and
47 AU. Tsukagoshi et al. (2016) measured the spectral
index of TW Hya at 190 GHz and also reported a steep
increase in α at 25 AU, coincident with the most promi-
nent gap in continuum emission. They tentatively sug-
gested enhancements in α at the 41 and 47 AU contin-
uum gaps. Our 290 GHz spectral index map, which has
an angular resolution about a factor of two higher than
the map from Tsukagoshi et al. (2016), now confirms the
presence of the latter two peaks.
While the spectral index radial profiles around 290
GHz and 190 GHz have similar values in the inner 15
AU of the disk, the α value around 290 GHz is consis-
tently lower than that measured for 190 GHz at a given
radius in the outer disk. This behavior is expected based
on the dust optical depth increasing with frequency. A
more striking difference between the 290 GHz spectral
index radial profile presented in this work and that at
190 GHz presented in Tsukagoshi et al. (2016) is that
the former displays more abrupt changes in α with ra-
dius, likely because the 290 GHz map is better resolved.
We note that the relative shape of the α radial profile at
a given frequency can be determined more robustly than
the absolute value of α, since the systematic flux cali-
bration uncertainty in each band contributes a constant
offset to the entire profile. A ∼ 10% flux uncertainty
in each band would correspond to an uncertainty in the
overall offset of ∆α ∼ 0.4, but the uncertainty in the rel-
ative differences in α is governed by the scatter shown
in Figure 1.
3.2. 12CO J = 3− 2 Observations
3.2.1. 12CO J = 3 − 2 Emission Morphology
The 12CO channel maps are shown in Figure 2. 12CO
emission exceeding the 3σ level extends to a radius of
≈ 3.′′6 (215 AU), which is consistent with Submillimeter
Array observations reported in Andrews et al. (2012).
The CO emission stretches well beyond the submillime-
ter continuum emission. The channel maps show three
key features (see also annotations in Figure 3):
1. A bright core of emission extending out to a radius
of ≈ 25 AU.
2. Emission deficits along the disk major axis and
adjacent to the bright emission core in the three
central channels at 2.59, 2.84, and 3.09 km s−1.
3. A break in emission at a radius of ≈ 90 AU.
An additional faint dark arc is visible in several chan-
nels at a radius of ∼ 125 AU, but it is not clear whether
this is simply an imaging artifact (see Section 4.2).
The emission deficits in the central channels are partly
due to the disk inclination (see Guilloteau et al. 2006 and
Rosenfeld et al. 2013 for a more detailed discussion). For
a geometrically thin disk undergoing Keplerian rotation
and being viewed at an inclination angle of i, the pro-
jected velocity at a point (r, θ) in the disk is
vproj(r, θ) = vLSR +
√
GM∗
r
sin i cos θ. (2)
Here, r and θ are in cylindrical coordinates in the frame
of the disk, with θ = 0 located along the major axis
of the disk as seen by an observer. Assuming infinite
spatial and spectral resolution and neglecting other line
broadening effects, only the region of the disk satisfying
r = GM∗
(
sin i
vproj − vLSR
)2
cos2 θ. (3)
contributes to emission observed in a channel at vproj.
At the systemic velocity of 2.84 km s−1, Equation 3
collapses into a line along the minor axis of the projected
disk, which is aligned with the bright “hourglass” emis-
sion core observed in the TW Hya channel maps. Every
channel in reality has non-zero spectral resolution, so
it incorporates emission from vproj ± ∆v2 , where ∆v is
the channel width (still neglecting other line broaden-
ing effects). Then, the channel at the systemic velocity
includes emission from disk regions satisfying
r ≥ GM∗
(
sin i
∆v
2
)2
cos2 θ. (4)
This geometry creates emission deficits along the major
axis of the disk, near the disk center (see part b of Figure
3), but in Section 4, we will use radiative transfer models
to argue that viewing angle does not wholly account for
these features in the TW Hya disk.
The 12CO integrated intensity map and correspond-
ing deprojected and azimuthally averaged radial pro-
file are shown in Figure 4. The integrated intensity
profile is centrally peaked, but rapidly decreases out
to a radius of ≈ 30 AU, where the slope of the in-
tensity profile abruptly flattens. The profile exhibits a
6870 m
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Figure 2. Channel maps of the 12CO J = 3 − 2 transition, along with the 870 µm continuum emission in the upper leftmost
panel shown on the same spatial scale. Synthesized beams are drawn in the lower left corner of each panel. The LSR velocity
(km s−1) is shown in the lower right corner for each 12CO channel.
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Figure 3. a) Annotated maps of the central five channels of 12CO J = 3− 2 to highlight the key emission features (see Figure 2
for context). b) Schematic of the line emission morphology of a Keplerian disk (neglecting thermal and turbulent line broadening
and beam smearing). The velocity is listed at the top of each panel. The dotted red ellipse marks the boundary of the projected
disk. In the central panel at the systemic velocity, the region of the disk that contributes no emission is marked.
8shoulder at a radius of 70 AU, decreases more rapidly
out to a radius of 90 AU, then flattens out and ta-
pers off at 215 AU. The integrated flux, measured in-
side a circular mask with a radius of 4′′, is 42.7±0.2
Jy km s−1. (The integrated flux uncertainty is esti-
mated with
√
Area of mask/Area of beam × σ, where
σ = 3.8 × 10−3 Jy km s−1 is the rms of the unclipped
integrated intensity map.) Taking systematic flux un-
certainties into account (≈ 10%), the integrated flux
is consistent with previous ALMA and SMA measure-
ments of 12CO J = 3 − 2 in the TW Hya disk (An-
drews et al. 2012; Rosenfeld et al. 2012). The shortest
projected baseline is 13.1 m, which corresponds to an
angular scale of ≈ 14′′ and should therefore adequately
recover the large-scale structure in the 12CO emission.
We also imaged the line data without continuum sub-
traction to verify that the key emission features are not
artifacts from continuum subtraction, which can create
the appearance of line emission substructure if the line
optical depth is high enough such that the total out-
going emission has little to no contribution from large
dust grains settled near the midplane (e.g. Isella et al.
2016; Boehler et al. 2017). This effect is not to be con-
fused with optically thick dust absorbing line emission
and thereby creating the appearance of molecular emis-
sion gaps. In the TW Hya disk, the 12CO line intensity
is substantially larger than that of the dust over many
channels, so continuum subtraction does not have a large
impact on the observed line emission morphology.
3.2.2. 12CO J = 3 − 2 Peak Brightness Temperatures
The 12CO peak brightness temperature map and its
deprojected and azimuthally averaged radial profile are
also shown in Figure 4. A peak brightness map is com-
puted by taking the maximum value along the frequency
axis for each pixel in the image cube and then converting
to a brightness temperature using Planck’s law (rather
than the Rayleigh-Jeans law, which is a poor approxi-
mation at these frequencies). Equivalently,
TB,peak(x, y) = max(TB(ν, x, y)), (5)
where x and y are spatial coordinates and ν is the chan-
nel frequency. In practice, a peak intensity map pro-
duced from a single image cube will have minor artifacts
tracing the emission boundaries in individual channels.
To mitigate this issue, we follow the example of Chris-
tiaens et al. (2014) and produce three image cubes with
the same channel width (0.25 km s−1), but with the
starting velocities offset by 0.1 km s−1. Each image
cube yields a peak brightness temperature map. Since
the channelization artifacts are spatially offset from one
another from map to map, a map with suppressed ar-
tifacts can be produced by taking the median value of
each pixel from the individual maps.
A peak brightness temperature map for an optically
thick line such as 12CO J = 3− 2 provides an estimate
of the gas temperature at the location where the line
becomes optically thick, provided that the emission fills
the beam. That assumption is valid for most of the
disk, which is well-resolved; the exception is the inner 10
AU, where the peak brightness temperature dips. This
feature is a consequence of an inclined Keplerian disk
being observed at finite angular resolution. Because of
the fast rotation of the inner disk, its emission is spread
over a large number of channels, with only two narrow
wedges contributing to the emission in any given channel
(see also Schwarz et al. (2016) for a related discussion).
Referring again to the Keplerian emission schematic in
Fig. 3, we see that any Gaussian beam placed over the
disk center in a given channel would include regions of
the disk contributing no emission.
The radial profile of the peak brightness temperature
map shows an abrupt slope change at a radius of 25 AU,
a shoulder at 70 AU, and another abrupt slope change at
90 AU, corresponding to the features observed directly
in the channel maps and integrated intensity map. The
peak brightness temperatures between radii of 25 and 90
AU range from ∼70 to 35 K, which are about twice the
value of the gas temperatures derived by Schwarz et al.
(2016) from multiple transitions of the rarer 13CO and
C18O isotopologues. Zhang et al. (2017) estimate that
the C18O J = 3− 2 flux contribution largely originates
from within two gas scale heights of the midplane, in
contrast to three to four scale heights for 12CO J =
3 − 2. The difference in inferred gas temperatures for
the isotopologues implies a steep vertical temperature
gradient.
3.2.3. Comparison to other CO isotopologues
Since CO isotopologues become optically thick at dif-
ferent heights within the disk, they lend insight into the
vertical structure. ALMA observations of the C18O and
13CO J = 3 − 2 transitions in the TW Hya disk have
been presented in Schwarz et al. (2016), Nomura et al.
(2016), and Zhang et al. (2017) at spatial resolutions
ranging from 0.′′3 to 0.′′5. Although these resolutions are
coarser than that of the 12CO data, they are sufficient
to reveal substructure. To facilitate comparisons, we re-
processed and combined archival ALMA observations of
13CO J = 3 − 2 in the TW Hya disk. The reduction
details and channel maps are provided in Appendix C.
Whereas the integrated intensity maps were presented
in Schwarz et al. (2016) and Nomura et al. (2016), we
now show the channel maps because they more clearly
display the weak extended emission features.
The 13CO and C18O data in Schwarz et al. (2016),
Nomura et al. (2016), and Zhang et al. (2017) show a
bright core of emission, an annular gap at ≈ 40 AU,
and an outer emission ring peaking at ≈ 65 AU. In
the channel maps (see Figure C2 for 13CO and Zhang
et al. (2017) for C18O), the annular gap creates central
channel emission deficits that coincide spatially with the
emission deficits noted for 12CO. The deficits are more
pronounced in 13CO and C18O because they are less
optically thick than 12CO; a similar effect is observed
in transition disks, where 13CO and C18O integrated in-
tensity maps have much more prominent central cavities
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Figure 4. Top left : An integrated intensity map of the 12CO J = 3 − 2 line. The synthesized beam is shown in the lower left
corner. Top right : Deprojected and azimuthally-averaged radial profile of the 12CO J = 3 − 2 integrated intensity. The light
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Vertical gray dashed lines mark the radial break in emission at 25 AU, the shoulder at 70 AU, and the second break at 90 AU.
Temperatures between 17 and 27 K are shaded gray to show CO freezeout temperatures that have been estimated for TW Hya
(e.g. Qi et al. 2013 and Zhang et al. 2017).
compared to 12CO (e.g. van der Marel et al. 2015, 2016).
Like the 12CO channel maps, the 13CO channel maps
in Figure C2 also show a steep dropoff in intensity at a
radius of ≈ 90 AU, followed by very faint emission ex-
tending out to ≈ 200 AU, which is slightly less extended
than the 12CO emission. C18O exhibits an outer emis-
sion ring that sharply drops off within a radius of 100
AU (Zhang et al. 2017), but no emission is observed be-
yond this radius. The apparent differences between the
isotopologues is likely primarily due to sensitivity limits,
but may also be partially due to selective photodissoci-
ation in the more tenuous outer disk (e.g. Miotello et al.
2014).
Based on integrated flux ratios, 12CO and 13CO J =
3− 2 are known to have high optical depths in the TW
Hya disk (Qi et al. 2013). However, it is also instruc-
tive to determine whether 12CO is still optically thick
beyond a radius of 100 AU, where the emission becomes
comparatively weak. As a crude check, we measure the
12CO/13CO integrated flux ratio using an annulus with
an inner radius of 1.′′7 (101 AU) and an outer radius
of 3.′′6 (214 AU). Inside this annulus, the 12CO/13CO
flux ratio is ≈ 20, which is smaller than the interstellar
12CO/13CO abundance ratio of ≈ 69 (e.g. Wilson 1999)
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and suggests that 12CO remains optically thick in the
outer disk. The 12CO/13CO ratio in the outer disk may
be even higher than the interstellar medium (ISM) ratio
due to less effective 13CO self-shielding (e.g. Visser et al.
2009; Miotello et al. 2014), in which case the flux ratio
still implies that 12CO is optically thick.
4. 12CO RADIATIVE TRANSFER MODELING
4.1. Overview
To explore possible origins for the 12CO emission
substructure, we perform radiative transfer calculations
based on several sets of parametric structure models.
Given the complex details visible at high resolution, as
well as the large computational cost of synthesizing the
image cubes, our aim in this work is not to present an op-
timal model, but to provide guidance for which physical
and chemical mechanisms would plausibly yield the key
emission features noted in Section 3. Similar modeling
approaches have been favored for ALMA observations
of molecular line emission in a number of works (e.g.
Rosenfeld et al. 2012, 2013; Isella et al. 2016; O¨berg et al.
2017) because of the flexibility offered in directly speci-
fying temperature structures and molecular abundances
to explore particular emission features of interest. An
alternative approach is thermochemical disk modeling,
which computes dust and gas structures and molecular
abundances in a physically self-consistent manner via
numerical codes such as ProDiMo (Woitke et al. 2009) or
DALI (Bruderer et al. 2012), although such an approach
is also subject to uncertainties in the values adopted for
parameters such as dust opacities or reaction rates (e.g.
Vasyunin et al. 2008; Kamp et al. 2017). The parametric
and thermochemical approaches are ultimately comple-
mentary; physical models guide the setup of parametric
models, the results of which then motivate additional
physical modeling (e.g. Andrews et al. 2012; Qi et al.
2013; Birnstiel & Andrews 2014; van’t Hoff et al. 2017).
Because continuum subtraction did not appear to in-
troduce artifacts to the 12CO image cubes, we model
the continuum-subtracted line emission rather than
line+continuum, which would require a number of ad-
ditional assumptions and free parameters to model the
dust. As discussed in Boehler et al. (2017), continuum
subtraction tends to remove a larger fraction of 13CO
and C18O line emission because these lines are less bright
overall but are still optically thick in the inner disk.
Since a detailed physical model for the continuum would
likely be necessary to construct a CO model consistent
with all isotopologue data, we focus on modeling 12CO
J = 3 − 2 only in the present paper, and defer dust
modeling and multi-line fitting to future work.
Perhaps the most straightforward explanation of the
12CO emission features is that they trace an initial sharp
drop in the CO column density, which then rebounds
in the outer disk. Such a column density profile has
been inferred previously based on observations of less
optically thick CO isotopologues in the TW Hya disk
(Nomura et al. 2016; Schwarz et al. 2016; Zhang et al.
2017). Hence, our fiducial 12CO model is motivated by
the C18O J = 3 − 2 model presented in Zhang et al.
(2017). We also construct a model with a monotoni-
cally decreasing CO column density profile to demon-
strate how its emission features differ from the fiducial
model. We then examine the impact of our assumptions
about CO freezeout. Finally, we briefly consider how as-
sumptions about the form of the temperature structure
affect inferences about the CO column density profile.
We make several assumptions common to all models.
Because there are no clear azimuthal asymmetries in the
ALMA data, all the models are axisymmetric and spec-
ified in cylindrical coordinates. After some experimen-
tation, the inclination and position angle were fixed to 5
and 152 degrees, respectively. Local thermal equilibrium
is assumed for calculating the intensity of 12CO J = 3−2
because its critical density (∼ 104 cm−3) is small relative
to typical disk gas densities (e.g. Pavlyuchenkov et al.
2007).
To first order, the gas velocity field is that of a thin
Keplerian disk in which the stellar mass greatly exceeds
the disk mass:  vr = vz = 0vφ = √GM∗r . (6)
As in Zhang et al. (2017), we fix the microturbulent
line broadening parameter to aturb = 0.01 km s
−1, but
we note that this value was motivated by general disk
theory rather than from a direct measurement, and in
practice this parameter likely varies spatially. The value
of this parameter is not well-established–estimates for
the TW Hya disk have been disparate due to differences
in methodology as well as limitations in instrumental
resolution and precision (Hughes et al. 2011; Teague
et al. 2016). The turbulence values that have been esti-
mated for the TW Hya disk are smaller than the spec-
tral resolution of our observations, limiting their utility
in constraining turbulence independently. In terms of
modeling line emission, turbulence is highly degenerate
with the thermal structure (see also Simon et al. 2015
for a more detailed exploration). Holding all other pa-
rameters equal, increasing the turbulent broadening pa-
rameter by a factor of 10 (bringing it up to the higher
values estimated by Teague et al. 2016) makes the emis-
sion features “blurrier” and “fills in” the central emission
deficits in the channel maps, but the difference is mod-
est and does not qualitatively change our interpretation
of the CO observations.
The largest projected velocities where 12CO emis-
sion is detected (±4.75 km s−1 from the systemic ve-
locity) suggest that there is gas within at least a few
tenths of an AU from the central star, assuming vproj =√
GM∗
r sin(i). In the absence of more precise informa-
tion about the gas inner radius, we set Rin to 0.05 AU,
roughly the inferred location of the inner dust rim (Eis-
ner et al. 2006). The outer radius Rout is set to 215 AU,
based on the extent of 12CO emission above the 3σ level
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Figure 5. Plots of the four parametric model structures used as radiative transfer inputs. Left : 12CO number density color
maps with isotherms overplotted as dashed white lines. Right : Corresponding 12CO gas column densities for each model.
in the channel maps.
Between the inner and outer radii, we assume that
the vertical distribution of the gas is approximated by a
Gaussian with a standard deviation Hmid(r), where
Hmid(r) =
√
kBTmid(r)r3
µgasmHGM∗
(7)
is the gas pressure scale height, Tmid(r) is the midplane
temperature, µgas = 2.37 is the mean mass for a gas
particle, and mH is the mass of atomic hydrogen. We
therefore express the 12CO number density as
nCO(r, z) = p(T (r, z))× N(r)√
2piHmid(r)
exp
[
−0.5
(
z
Hmid(r)
)2]
.
(8)
N(r) is a scaling factor that simplifies to the 12CO col-
umn density profile in the case where p(T ) = 1 every-
where (e.g., in the absence of freezeout). The step func-
tion p(T ) accounts for CO freezeout, such that p = 1 for
gas temperatures above some freezeout temperature Tfrz
and p = 10−6 everywhere else. This procedure, similar
to the treatment in Qi et al. (2008), divides the disk into
a warm molecular layer with abundant CO and a cold
midplane layer where freezeout depletes gas-phase CO.
In general, UV photodissociation sets the upper bound-
ary of the CO distribution and plays a role in setting the
outer boundary (e.g. Aikawa & Herbst 1999). Because
ambiguities in the gas and grain size distribution (see
Section 5) render explicit calculations of the photodis-
sociation boundary difficult, we elect to parameterize
the CO distribution directly.
The radiative transfer code RADMC-3D2 (Dullemond
2 http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/
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2012) is used to compute the 12CO level populations and
perform the raytracing to produce model image cubes.
The parametric expressions for the temperature, gas ve-
locity, and 12CO number density are evaluated at 400
logarithmically spaced radial bins from 0.05 to 400 AU
and at 100 logarithmically spaced polar angle bins from
0 to pi/2 in a spherical coordinate system (note that
the grid points are converted to cylindrical coordinates
before the expressions are evaluated, and mirror sym-
metry is assumed for the upper and lower halves of the
disk). The molecular data inputs for the radiative trans-
fer are obtained from the LAMDA database (Scho¨ier
et al. 2005). To account for the effects of non-zero chan-
nel widths on the observed spatial distribution of the
line emission, the model image cubes are synthesized at
a velocity resolution of 0.05 km s−1 and subsequently
averaged to a resolution of 0.25 km s−1 to match the
observations. The vis sample package3 (Czekala et al.
2015; Loomis et al. 2017) is used to sample the radia-
tive transfer images at the same spatial frequencies as
the data in order to produce model visibilities, which
are then imaged with the same procedure described in
Section 2.
Table 2. Parameter Values for 12CO Models
Parameter Fiducial Freezeout No Perturbed
only freezeout temperature
Rin (AU) 0.05 0.05 0.05 0.05
Rout (AU) 215 215 215 215
γ 0.9 0.9 0.9 0.9
NCO (cm
−2) 3× 1019 3× 1019 3× 1019 7.5× 1017
R1 (AU) 15 - 15 15
R2 (AU) 70 - 70 70
A 3 - 3 -
f 0.025 - 0.025 -
σin 12 - 12 -
σout 6 - 6 -
Tmid,10 (K) 40 40 40 40
Tatm,10 (K) 125 125 125 125
q 0.47 0.47 0.47 0.47
δT - - - 1.6
B - - - 0.15
σTin - - - 15
σTout - - - 6
Tfrz (K) 27 27 - -
aturb (km s
−1) 0.01 0.01 0.01 0.01
The model parameters are listed in Table 2, and the
gas temperatures and 12CO number and column den-
sities for each model are plotted in Figure 5. Chan-
3 Version used in this work available at https://github.
com/AstroChem/vis_sample/tree/j. General version available at
https://github.com/AstroChem/vis_sample.
nel maps made from the model visibilities are shown in
Figure 6, beneath the corresponding channels from the
observations. To highlight some details of the models,
insets of the central three channels and radial profiles
of the peak brightness temperature maps are shown in
Figure 7.
4.2. The Fiducial Model
The parameterization and values for the fiducial model
are motivated by the C18O column density profile de-
rived in Zhang et al. (2017)—the CO column density
decreases sharply in the inner disk, then features a sec-
ondary peak in the outer disk. Functionally, this is spec-
ified by setting the scaling factor for the number density
to be
N(r) = NCO
( r
20 AU
)−γ
× f1(r)× f2(r). (9)
f1(r) is a factor setting the radial location and degree
of the column density drop in the inner disk:
f1(r) =
{
1, r < R1
f, r ≥ R1.
(10)
f2(r) sets the shape of the secondary bump in the
12CO
column density profile such that
f2(r) =
1 +A exp
(
− (r−R2)2
2σ2in
)
, r < R2
1 +A exp
(
− (r−R2)2
2σ2out
)
, r ≥ R2.
(11)
The asymmetric Gaussian shape of the secondary bump
is motivated by the shallow slope of the CO integrated
intensity radial profile inward of 70 AU and the much
steeper slope outside of 70 AU, although other param-
eterizations may achieve similar effects. NCO is set to
3× 1019 cm−2, assuming that the 12CO to C18O abun-
dance ratio follows the local ISM value of ∼ 500 (e.g.
Wilson 1999). The model parameter values are listed in
Table 2.
Because LTE is assumed, the absolute 12CO number
density distribution is directly input into RADMC-3D
without requiring the underlying gas distribution to be
specified. The parameterization for 12CO in Equations
8 and 9 can therefore be viewed in two equivalent ways:
1. The fractional CO abundance, XCO, is constant
in the warm molecular layer, and perturbations in
the gas surface density profile govern the radial
variation in the 12CO column density profile. An
“unperturbed” surface density profile is assumed
to follow a power-law, as outlined in Lynden-Bell
& Pringle (1974) for a viscous disk. More collo-
quially, these perturbations might be referred to
as an annular gap and ring in the gas distribution.
2. The gas surface density profile follows a standard
power law, and radially varying CO depletion (i.e.
reductions in XCO) in the warm molecular layer
creates the radial variations in the 12CO column
density profile.
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The temperature structure is modeled using the ver-
tical gradient prescription presented in Dartois et al.
(2003) and Andrews et al. (2012):
T (r, z) =
{
Tatm(r) + (Tmid(r)− Tatm(r)) cos4
(
piz
2zq
)
z<zq
Tatm(r) z ≥ zq ,
(12)
where
Tatm(r) = Tatm,10
( r
10 AU
)−q
, (13)
Tmid(r) = Tmid,10
( r
10 AU
)−q
, (14)
and
zq = 4Hmid(r). (15)
Zhang et al. (2017) employ a vertically isothermal
model, assuming that C18O emits at the midplane tem-
perature. In contrast, 12CO becomes optically thick well
above the midplane, requiring the adoption of a verti-
cal temperature gradient. We set Tmid,10 = 40 K and
q = 0.47 based on the midplane temperature derived
in Zhang et al. (2017). Tatm,10 is less constrained; we
choose a value of 125 K such that the spatially inte-
grated fluxes of the channels at the systemic velocity
for the observations and fiducial model are within 5% of
one another. This value is broadly in line with the de-
tailed temperature structures computed from fitting the
SED (e.g. Cleeves et al. 2015; Kama et al. 2016). The
consequences of our assumptions about the temperature
structure are discussed later.
The fiducial model images, shown in Figures 6 and 7,
reasonably reproduce the three key features of the ob-
served channel maps—the sharp drop in the 12CO col-
umn density at r = 15 AU creates the bright “hourglass”
emission core as well as the nearby emission deficits in
the central channels, and the secondary bump in the
column density creates the emission shoulder at r ≈ 70
AU and the radial intensity break at ≈ 90 AU. Whereas
specifying a sharp drop in the CO column density creates
a clear annular gap in models of C18O emission (Zhang
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et al. 2017), the impact is more subtle in 12CO emission
due to its much higher optical depth. In the optically
thin limit, intensity scales almost linearly with column
density. In contrast, for optically thick 12CO, altering
the number density changes the height and therefore the
temperature of its emitting surface in the disk, which
yields emission substructure. It should be noted that
the drop in the column density at r = 15 AU repro-
duces the break in the emission profile slope at r ≈ 25
AU because the beam smears out the radial change in
intensity.
The model slightly underestimates the line intensity in
the inner few AU of the disk. This may be due to com-
plexities in the vertical structure that are unaccounted
for in the model, deviations from Keplerian rotation in
the inner disk (Rosenfeld et al. 2012), or the slightly dif-
ferential rotation associated with a geometrically thick
disk (e.g. Rosenfeld et al. 2013). While our simple mod-
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els are aimed at elucidating features 15 AU and beyond,
the effect of these secondary considerations on the inner
disk would be interesting to explore in future work.
In the outer disk past a radius of 90 AU, there are
additional faint arcs visible in the central three chan-
nels even though the surface density profile is smooth at
these radii. These appear to be artifacts from imaging
the visibilities with CLEAN. Similar faint arcs appear
in the outer disk emission in the 12CO observations and
may be imaging artifacts as well. However, since the
arcs in the data persist with different choices of imaging
parameters and do not exactly match the artifacts in the
model images, it is difficult to say for certain whether
there is any genuine physical origin for these features.
4.3. A Freezeout-only Model
While the fiducial model illustrates that substructure
in the CO column density profile is compatible with the
observed 12CO emission, it does not by itself demon-
strate that substructures are necessary to create the ob-
served emission features. Given the high optical depth of
12CO J = 3− 2, it is not intuitive that column density
substructure would have a visible impact on its emis-
sion morphology. It is therefore instructive to compare
the fiducial model with a “freezeout-only” model, where
the 12CO column density profile decreases monotoni-
cally from the disk center and no depletion occurs in
the warm molecular layer.
The 12CO number density scaling factor is now
N(r) = NCO
( r
20 AU
)−γ
, (16)
i.e., it is an extrapolation of the profile in the inner disk
of the fiducial model. The “freezeout only” model is
otherwise specified in the same fashion as the fiducial
model. This “freezeout only” model is similar to the
parameterization that has been used to fit CO emission
in a number of protoplanetary disks observed at coarser
angular resolution (e.g. Andrews et al. 2012; Williams
& Best 2014; Flaherty et al. 2015).
The resulting model channel maps, shown in Figures 6
and 7, differ dramatically from those of the observations
and fiducial model. The failure of the “freezeout-only”
model to reproduce the key features of the observations
indicates that these features are not artifacts resulting
from sparse uv coverage or of the deconvolution algo-
rithm, but reflect the structure of the disk itself. No
intensity break appears at a radius of 90 AU, since the
surface density profile is smooth there. While a bright
emission core is present due to the high temperatures of
the inner disk, the core is not as sharply defined as in
either the observations or the fiducial model. Though
emission deficits near the center of the disk are visible
at the systemic velocity, they are substantially smaller
than the ones in the observations and fiducial model.
As remarked upon in Section 2, emission deficits at
those locations are expected for inclined disks in Ke-
plerian rotation, but the discrepancy between the scale
of the deficits for the fiducial and “freezeout-only” mod-
els suggests that disk orientation alone does not explain
the observed emission morphology—an abrupt change
in the CO column density and/or temperature profile
has to occur near r ≈ 15 AU to simultaneously cre-
ate the bright inner emission core and adjacent emission
deficits.
202
 [′′]
2
0
2
 [′
′ ]
Freezeout only model depleted by 5000
Radial break
at CO snowline
Freezeout only model depleted by 500
10 AU
Freezeout only model
Figure 8. Comparison of the central three channels of the
RADMC-3D “freezeout only” images (zoomed in to the inner
2′′ of the disk) with models where NCO is reduced by a factor
of 500 and 5000, respectively. Only the model depleted by a
factor of 5000 shows a radial intensity break corresponding
to the location of the CO snowline.
For this “freezeout-only” model, the midplane CO
snowline does not create a marked intensity break be-
cause the 12CO emission is too optically thick. NCO,
which sets the overall scale of the column density pro-
file, has to be reduced by a factor of several thousand for
the CO snowline to become visible in the images gener-
ated by RADMC-3D, and even then the effect is subtle
(see Figure 8). In contrast, the fiducial model only in-
vokes a factor of 40 reduction in the 12CO column den-
sity at a radius of 15 AU to create emission substructure
by lowering the CO emitting height. While CO column
densities are not well-constrained by 12CO, the value of
NCO chosen for the unreduced “freezeout only” model is
based on column density estimates from observations of
C18O, which has much lower optical depth (Zhang et al.
2017). Since it is unlikely that C18O column densities
have been overestimated by several orders of magnitude
for the TW Hya disk, severely reducing NCO to decrease
the optical depth of 12CO does not seem to be a viable
route for reproducing the observed 12CO emission mor-
16
phology.
4.4. A Model With No Freezeout
While the fiducial model adopts a CO freezeout tem-
perature of 27 K to be consistent with the C18O model
from Zhang et al. (2017), Qi et al. (2013) previously
advocated for a freezeout temperature of 17 K in the
TW Hya disk. In practice, CO desorption occurs at
various temperatures over this range, depending on the
substrate (e.g. Sandford & Allamandola 1988; Collings
et al. 2003; Fayolle et al. 2016). Hence, it is worth-
while to examine how the model emission depends on
the treatment of CO freezeout. To illustrate how an
extreme change in the CO freezeout specification could
look, we produce a “no-freezeout” model by using a CO
number density structure in which p(T ) = 1 everywhere
in Equation 8. In all other respects, the “no-freezeout”
model is identical to the fiducial model.
The resulting model channel maps are shown in Fig-
ure 6. Past r ≈ 150 AU, the model images overproduce
emission in comparison with the observations and the
fiducial model, but the key features of the 12CO emis-
sion (i.e., the bright core, the nearby emission deficits
in the central channels, and the break in intensity at 90
AU) look similar. This suggests that the 12CO emission
morphology in the inner disk is not sensitive to differ-
ences in assumptions about CO freezeout.
One could perhaps devise a colder temperature struc-
ture that removes so much gas-phase CO that the opti-
cal depth of 12CO is low enough to reveal its midplane
snowline. However, this possibility for TW Hya can be
ruled out by the 12CO peak brightness temperature map
in Figure 4. Within a radius of 100 AU, the peak bright-
ness temperatures are well above the range of expected
CO freezeout temperatures, indicating that the 12CO
emitting surface is at a height much warmer than the
snow surface and therefore does not trace the onset of
freezeout in the midplane.
4.5. A “Perturbed Temperature” Model
The models we have presented so far sought to re-
produce the observed 12CO emission morphology by
shifting the CO emitting height through surface density
substructures. An alternative route is to modify the
disk temperature structure directly. The temperature
structure used for the previous models has been rela-
tively simple, with the radial temperature dependence
following a standard power law for a fixed height. How-
ever, models from several works suggest that the TW
Hya temperature structure could be much more com-
plex. First, scattered light observations of the TW Hya
disk show multiple annular gaps (e.g. Debes et al. 2013;
Akiyama et al. 2015; Rapson et al. 2015; van Boekel
et al. 2017). Relative to a smooth disk model, the
troughs of gaps have lowered temperatures due to shad-
owing from the interior wall of the gap, while the far
walls of gaps receive more stellar radiation and there-
fore feature elevated temperatures (e.g. Jang-Condell &
Turner 2012, 2013). Additional cooling of the gas may
occur within the gap if dust densities decrease to the
point where the gas and dust temperatures are no longer
coupled via collisions (Facchini et al. 2017b). Second,
inward radial drift of larger solids in disks may create
radial temperature inversions; Cleeves (2016) discusses
how radial drift reduces dust optical depths in the outer
disk and allows stellar radiation to penetrate deeper in
the disk, while Facchini et al. (2017a) suggest that radial
drift allows the outer disk to be heated more efficiently
because the remaining small grains are lofted upward
and receive more stellar illumination.
To illustrate how thermal and density variations can
create similar emission patterns, we construct a model
that has a smooth CO column density profile. The
bright inner core of emission and the intensity break
at 90 AU seen in the data are then reproduced by in-
creasing the temperatures in these regions relative to the
fiducial model. The 12CO number density scaling factor
N(r) is again described by a power law, i.e. Equation
16. NCO is set to 7.5 × 1017 cm−2 such that the 12CO
column density profile matches that of the disk outside
15 AU in the “no-freezeout” model, excluding the sec-
ondary column density bump. In order to keep the col-
umn density profile smooth, CO freezeout is ignored in
this model. As shown in the “no-freezeout” model, the
treatment of CO freezeout does not have a noticeable
effect on the inner 150 AU of the disk, which is where
the substructure is observed.
The modified temperature structure is
Tperturbed(r, z) = Tfiducial × g1(r)× g2(r). (17)
The prescription for g1(r) creates a hot inner disk, sim-
ilar to a TW Hya model from Rosenfeld et al. (2012) :
g1(r) =
{
δT r < R1
1 r ≥ R1.
(18)
g2(r) creates a secondary warm region in the outer disk:
g2(r) =

1 +B exp
(
− (r−R2)2
2σ2Tin
)
, r < R2
1 +B exp
(
− (r−R2)2
2σ2Tout
)
, r ≥ R2.
(19)
Parameters g1(r) and g2(r) are the temperature ana-
logues to f1(r) and f2(r), the factors setting the CO
column density drop in the inner disk and secondary
bump in the outer disk for the fiducial model. While
these parameterizations aim to reproduce some of the
general characteristics of the thermal variations derived
for disk models that incorporate annular gaps or radial
drift, simplifications are also made (e.g., the tempera-
ture step function in the inner disk) in order to allow
for a more direct comparison with the fiducial model.
The model parameters are listed in Table 2.
As shown in Figures 6 and 7, the emission morphol-
ogy within a radius of 150 AU is quite similar to the
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observations. As expected for optically thick CO, the
relative variations in the thermal profile necessary to
create emission substructure are much smaller than the
variations that would be required in the column den-
sity profile. Whereas the key observed emission features
were reproduced in the fiducial model through a factor
of 40 decrease in the CO column density at 15 AU and
then a secondary bump by a factor of a few in the outer
disk, the “perturbed temperature” model only boosts
temperatures by 60% (δT = 1.6) in the inner disk and
by 15% (B = 0.15) at the peak of the secondary ring
relative to the fiducial model. The width of g2(r), set-
ting the secondary bump in the temperature profile, is
somewhat wider than that of f2(r), which sets the sec-
ondary bump in the CO column density profile in the
fiducial model. Since the temperature profile declines
more steeply with radius than the CO column density
profile, the temperature has to be increased over a wider
region to reproduce the same emission bump that is gen-
erated by an increase in the CO column density.
While a smooth CO surface density profile is used to
isolate the effects of temperature in creating emission
substructure, this model is not physically self-consistent.
Although the “perturbed temperature” model suggests
that the depletion and enhancement factors in the CO
surface density profile may be more modest than those
used for the fiducial model, the mechanisms that have
been proposed for creating localized thermal variations
should still yield variations in the CO column density.
For example, Jang-Condell & Turner (2012) find that a
disk gap with the surface density reduced by a factor of
6 can yield thermal variations on the order of 25% com-
pared to a smooth disk. For thermal variations mediated
by radial drift, heating of the outer disk would promote
CO ice desorption, thereby creating a secondary CO col-
umn density bump. Hence, while the CO emission sub-
structure may be largely a temperature effect from the
radiative transfer point of view, they would still ulti-
mately signify the presence of surface density substruc-
ture.
5. DISCUSSION
5.1. Possible Origins of the CO Emission Features
Our fiducial model indicates that the emission mor-
phology of 12CO in the TW Hya disk can be reasonably
reproduced with a steep decrease in the 12CO column
density at a radius of ≈ 15 AU, followed by a secondary
peak at a radius of ≈ 70 AU. To evaluate what scenar-
ios are likely to have created these column density vari-
ations, we consider the 12CO results in the context of
other observations of the TW Hya disk as well as phys-
ical and chemical modeling results from the literature.
5.1.1. Midplane CO freezeout
Estimates for the TW Hya disk’s midplane CO snow-
line location range from 11 to 33 AU (Qi et al. 2013;
Nomura et al. 2016; Schwarz et al. 2016; Powell et al.
2017; van’t Hoff et al. 2017; Zhang et al. 2017), so it is
natural to consider whether the apparent steep drop in
12CO column density at a radius of 15 AU is related.
Indeed, several of the aforementioned CO snowline es-
timates are based on observations of a dip in the C18O
emission profile at a radius (22 AU) close to where we
infer a 12CO column density drop.
As noted in our analysis of the 12CO brightness tem-
peratures in 4.4, the 12CO emission appears to originate
well above the CO snow surface, which is in line with
typical assumptions about disks. This implies that the
inferred column density drop at r = 15 AU and the
bump at r = 70 AU do not directly trace the onset of
CO freezeout in the midplane. Because similar emission
features are observed in 13CO and C18O J = 3− 2 (No-
mura et al. 2016; Schwarz et al. 2016; Zhang et al. 2017),
which emit from different heights in the disk due to their
lower optical depths, we argue that the line observations
together likely trace CO depletion or gas density re-
ductions occurring throughout the vertical extent of the
warm molecular layer, not just near the midplane. Con-
sequently, while the aggregate evidence indicates that
the midplane CO snowline does lie somewhere between
11 and 33 AU in the TW Hya disk, we advise general
caution in using CO isotopologue observations to infer
the CO snowline location.
5.1.2. Gas surface density substructures
Optically thick 12CO emission does not directly con-
strain the molecular gas distribution of the TW Hya
disk, but the distribution of sub-micron-sized dust
grains has been used as a proxy because small grains
are usually well-coupled to gas (Debes et al. 2013;
Akiyama et al. 2015; Rapson et al. 2015; van Boekel
et al. 2017). Most recently, van Boekel et al. (2017)
presented SPHERE scattered light observations show-
ing wide radial depressions at ≈ 23 and ≈ 94 AU,
which they interpreted as tracing gas surface density
variations. These depressions overlap with where we in-
fer steep 12CO column density decreases in our fiducial
model, which may indicate that the 12CO emission is
also following gas surface density variations.
Nonetheless, there are at least two apparent discrep-
ancies between the inferred gas surface density profile
from van Boekel et al. (2017) and the inferences we
have made regarding the CO distribution in the TW
Hya disk. First, their inferred gas surface density pro-
file attains a local maximum just outside r = 100 AU,
whereas none of the CO isotopologue observations show
an obvious rise in intensity outside this radius. Comple-
mentary chemical modeling of double CS emission rings
by Teague et al. (2017) indicates that their observations
are best reproduced by a gas surface density depression
similar to the one inferred by van Boekel et al. (2017)
at a radius of 94 AU. One possible resolution to this
discrepancy is that the small dust grains become less
well-coupled to the gas in the more tenuous upper lay-
ers of the cold outer disk. Alternatively, CO traces the
gas surface density decrease into the 94 AU gap, but
does not rise again with the gas surface density due to
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more substantial CO freezeout in the outer disk.
Second, the relative amplitudes of the gas surface den-
sity variations inferred by van Boekel et al. (2017) range
roughly from 45 to 80%. The Zhang et al. (2017) model,
which motivated our fiducial model, derived a C18O col-
umn density drop by an order of magnitude in the inner
disk and then an increase by a factor of a few to create
the secondary ring. While our “perturbed temperature”
model provides an example of how the 12CO column
density variations needed to reproduce the observations
are sensitive to the prescribed temperature structure,
column density estimates from the rarer and therefore
less optically thick isotopologues should be more robust.
On the other hand, temperature, dust surface den-
sity, and dust opacities are degenerate with one another,
so more stringent constraints on the temperature struc-
ture of the TW Hya disk would be essential to determine
whether more extreme gas surface density variations are
also compatible with the scattered light data. In the
meantime, we do not rule out the possibility that sub-
structure in the underlying gas disk at least partially
contributes to the observed CO emission morphology.
5.1.3. CO Depletion in Warm Gas
Another possibility to consider is that the features are
due to spatial variations of XCO in warm gas: XCO
drops by one to two orders of magnitude near 15 AU
and then rises by a factor of a few in the outer disk
before decreasing again, creating the secondary CO col-
umn density bump peaking at ≈ 70 AU. While several
studies have suggested that warm gas in the TW Hya
disk is CO-depleted by one to two orders of magnitude
relative to the ISM (Favre et al. 2013; Kama et al. 2016;
Nomura et al. 2016; Schwarz et al. 2016; Powell et al.
2017), the new high angular resolution ALMA observa-
tions provide additional insight into how the CO distri-
bution varies radially.
Destruction of CO by He+ is an oft-proposed mecha-
nism for CO depletion in disks (e.g. Favre et al. 2013;
Nomura et al. 2016; Yu et al. 2016). Stellar X-rays ionize
helium, which then reacts with CO (Herbst & Klemperer
1973; Bergin et al. 2014):
He+ + CO→ C+ + O + He. (20)
Much of the C+ is thought to be incorporated back
into CO, but alternative pathways incorporating C+
into CO2, hydrocarbons, and complex oxygen-bearing
molecules can still lead to significant CO depletion over
timescales of several million years (e.g. Aikawa et al.
1997; Bergin et al. 2014; Yu et al. 2016).
Alternatively, CO depletion in the warm molecular
layer could be directly tied to CO freezeout deeper in
the disk. Xu et al. (2017) presented “turbulent-diffusion
mediated CO depletion” models demonstrating that if
small dust grains are reasonably settled in a disk with
weak turbulence, then the fractional abundance of gas-
phase CO in the warm molecular layer can eventually be
reduced by an order of magnitude as CO diffuses into
the cold midplane and then freezes out. However, turbu-
lence limits for the inner disk of TW Hya would have to
be obtained to assess the feasibility of this mechanism.
Conversely, rather than interpreting the disk outside
15 AU as being CO-depleted in the warm molecular
layer, the inner disk may be enhanced in CO if ice-
coated particles drift inward and the ice subsequently
sublimates (e.g. Cuzzi & Zahnle 2004; Stammler et al.
2017). The models investigating this effect have so far
been one-dimensional. Further study on the heights at
which this abundance enhancement occurs would help
to determine the impact on CO emission, since enhance-
ment limited to the midplane would not make much dif-
ference to optically thick emission.
While gas density substructures and CO depletion
have heretofore been discussed as separate possibilities,
it is worth considering the extent to which they may be
coupled. Reduced gas and dust surface densities lead
to reduced UV opacities, which may allow UV radiation
to dissociate CO more easily within the disk gaps (e.g.
Visser et al. 2009). In addition, bumps and dips in the
gas surface density profile can regulate dust transport
and growth (e.g. Whipple 1972; Pinilla et al. 2012b),
which in turn may affect the efficiency of the grain sur-
face reactions that serve as carbon sinks. Further chem-
ical modeling would be useful to examine the extent to
which CO depletion can be mediated by gas and dust
gaps.
5.2. Possible Origins of the Radial Spectral Index
Variations
We discuss below potential explanations for the ap-
pearance of the TW Hya continuum spectral index map,
which shows a striking pattern of low values at the bright
emission rings and high values within the emission gaps.
5.2.1. Radial Variation in Grain Sizes
Radial variations in α are often attributed to spatially
varying grain size distributions in protoplanetary disks
(e.g. Pe´rez et al. 2012; Menu et al. 2014; Tsukagoshi
et al. 2016). Previous multi-frequency measurements
of TW Hya have indicated the presence of centimeter-
sized grains inward of r ∼ 15 AU and the exclusion of
such large grains from the 25 AU continuum gap (Wilner
et al. 2005; Menu et al. 2014; Tsukagoshi et al. 2016).
With the high angular resolution 290 GHz spectral index
map, we can also improve constraints on the grain size
distribution in the narrow gaps and bright rings outside
25 AU.
Following Tsukagoshi et al. (2016), we estimate the
intensity of the submillimeter dust emission as
Iν(r) = Bν(Td(r))(1− exp[−τν(r)]), (21)
where Bν is the Planck function, Td(r) is the dust
temperature (assuming that the millimeter dust disk
is essentially isothermal vertically), and τν(r) =
τ290 GHz(r)(ν/290 GHz)
β is the dust optical depth. The
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spectral index is then
α(r) = 3− x expx
expx− 1 + β(r)
τν(r)
exp τν(r)− 1 , (22)
where x = hνkBTd(r) .
The three unknowns are β, Td, and τν . While there are
not sufficient constraints to solve for all three unknowns,
useful limits can be placed on β. Figure 9 shows dust
temperatures as a function of brightness temperatures
for different fixed values of τ , and then α as a function
of τ and β for a fixed brightness temperature of 11 K.
The value of 11 K is chosen based on the brightness
temperatures of the 290 GHz continuum emission rings
at 35 and 45 AU. Because β decreases as the maximum
grain size increases, the upper limit on β should be the
ISM value of ≈ 1.7 (Draine 2006), when no grain growth
has occurred. Since α decreases when τ increases and
when β decreases, placing a lower limit on τ also places
a lower limit on β when α is known.
The dust temperature is likely no more than 30 K in
the gaps and rings beyond a radius of 25 AU in the TW
Hya, given that CO freezeout is expected to commence
in the midplane somewhere between 11 and 33 AU (e.g.
Qi et al. 2013; Nomura et al. 2016; Zhang et al. 2017).
The brightness temperatures at radii from 25 to 50 AU
range from 10 to 12 K. Using Equation 21, this suggests
that τ ' 0.25 at 290 GHz in the gaps and rings outside
25 AU.
The peak α values at the 25, 41, and 47 AU continuum
emission gaps are between 2.6 and 2.7. A lower bound
of τ = 0.25 indicates that β ' 1 in order to reproduce
these α values, which would allow for grain growth up to
a few mm (Draine 2006). In contrast, the low α values
measured at the bright emission rings at 35 and 45 AU
are compatible with β ' 0.4, which allows for centimer-
size grains (e.g. Pe´rez et al. 2012).
Tsukagoshi et al. (2016) interpreted the high spectral
index value in the 25 AU continuum gap as a signature
of an embedded planet creating a pressure gradient that
allows small grains to enter the gap but excludes large
grains. This mechanism, known as dust filtration, is
modeled in detail by Rice et al. (2006), Paardekooper
& Mellema (2006), Zhu et al. (2012), and Pinilla et al.
(2012a), among others. Dust filtration may also explain
the gaps at 41 and 47 AU, given their similar spectral
index signatures.
5.2.2. Optical Depth Variations
While spatially varying grain size distributions can
generate the observed spectral index profile, an alterna-
tive scenario worth considering is that the radial spec-
tral index variations are largely tracing optical depth
variations instead. Previous analyses of millimeter con-
tinuum emission concluded that τ ∼ 1 at r < 15 AU
in the TW Hya disk, in part based on the low spectral
index values measured in the inner disk (Andrews et al.
2016; Tsukagoshi et al. 2016; Zhang et al. 2017). How-
ever, the high-resolution 290 GHz spectral index radial
profile also reveals low spectral index values of α ≈ 2
at the locations of the bright emission rings at r ≈ 35
and r ≈ 45 AU, raising the question of whether these
are also marginally optically thick. We note that given
the systematic uncertainties discussed in Section 3, it is
possible that the true α profile is shifted upward by up
to ∆α = 0.4, which would imply that nearly the whole
millimeter dust disk is optically thin. For the sake of
simply formulating a plausibility argument for the opti-
cally thick scenario, though, the remainder of the calcu-
lations in this section will take the spectral index profile
in Figure 1 at face value.
Referring again to Figure 9, two points are worth em-
phasizing. First, low brightness temperatures are some-
times taken as prima facie evidence that the dust is op-
tically thin, since the brightness temperature and dust
temperature should be equal at large optical depths.
The first panel of Figure 9 illustrates, though, that even
at an optical depth as high as τ = 1, the brightness tem-
perature is ∼ 30% lower than the corresponding dust
temperature. Thus, while Zhang et al. (2017) point out
that adopting the brightness temperature as the mid-
plane dust temperature would yield an unrealistically
cold disk, a value of τ = 1 corresponds to midplane tem-
peratures that are only a few degrees lower than previous
TW Hya models (e.g. Qi et al. 2013; Zhang et al. 2017).
Second, α = 2 is sometimes quoted as the lower bound
set by optically thick emission, but this is specific to the
Rayleigh-Jeans limit. The second panel of Figure 9 il-
lustrates that at millimeter wavelengths, emission can
still be optically thin when α = 2, provided that β is
small (and therefore grain sizes are large). For a dust
temperature of 11 K, which can occur in the outer re-
gions of protoplanetary disks, α can be as low as 1.2 in
the optically thick limit at 290 GHz.
Figure 1 shows that the azimuthally averaged spectral
index values range from roughly 2.1 to 2.3 inside the
bright emission rings at 35 and 45 AU. These α values
are possible if τ / 1.5 (see Figure 9), still allowing the
rings to be marginally optically thick. Even higher local
values of τ may be compatible with the low brightness
temperatures if the bright emission rings at 35 and 45
AU are actually a series of unresolved rings that result in
a low beam filling factor (e.g. Ricci et al. 2012). Andrews
et al. (2016) tentatively identified additional emission
gaps between 30 and 35 AU, noting that higher angular
resolution and sensitivity would be needed to confirm.
High dust optical depths imply high surface densities,
so the gravitational stability of the potential unresolved
narrow rings should be considered. The stability of the
rings can be crudely estimated with Toomre’s Q pa-
rameter (Toomre 1964), where Q = csΩ/piGΣ. (This
estimate does require the assumption of a geometri-
cally thin disk, which may not necessarily be true for
TW Hya.) Assuming an ISM gas-to-dust ratio of 100,
Σ ≈ 100Σdust ≈ 100τdust/κdust. We adopt a dust opac-
ity at 290 GHz of κ = 3.3 cm2 g−1, based on the Mie
scattering calculations reported in Andrews et al. (2009)
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for spherical grains with a minimum radius of a = 0.005
µm, a maximum radius of 1 mm, a power-law distribu-
tion of n(a) ∝ a−3.5, silicate and graphite abundances
derived in Mathis et al. (1977), and dielectric functions
from Draine & Lee (1984) and Weingartner & Draine
(2001). For a stellar mass of 0.88 M and an isother-
mal sound speed calculated at a temperature of 15 K,
Q > 1 for τdust < 3.2 at 35 AU and for τdust < 2.2 at 45
AU, suggesting that the rings can be optically thick and
remain marginally gravitationally stable. Our calcula-
tion for Q scales with the ratio κdust/τdust. Based on
a distribution-of-hollow-spheres (DHS) calculation for
carbonaceous silicates, Woitke et al. (2016) advocate for
the use of higher dust opacity values compared to the
typically used Mie scattering values. Such higher opac-
ity values would allow higher dust optical depths while
maintaining gravitational stability. While optical depth
effects may largely be sufficient to explain the spectral
index at the gaps and rings between 25 and 45 AU, the
final rise in the spectral index near the 47 AU emission
gap is probably at least partially due to radial changes in
β, since the peak in the spectral index profile is shifted
slightly outward from the 47 AU gap. The continuum
intensity depends on temperature and optical depth, so
if the radial temperature gradient is not too steep, the
radial locations of the minima in the emission profiles
would be close to the locations of the minima in the
optical depth profiles. On the other hand, α has an ad-
ditional dependence on β. The 47 AU emission gap is
not far from the edge of the millimeter dust disk, so the
nearby rise in the spectral index may be influenced both
by the deficit of material within the gap itself and by the
bulk loss of large dust grains in the outer disk.
5.2.3. Comparison to Other Sources
Our calculations raise the possibility that all of the
bright rings in the TW Hya millimeter continuum are
marginally optically thick. This possibility has been sug-
gested for other disks as well—to explain the correlation
between the continuum luminosity and emitting area for
a large disk sample, Tripathi et al. (2017) proposed that
these disks consist of narrow, optically thick rings. Dust
masses are often estimated using the Beckwith et al.
(1990) formula assuming optically thin millimeter disk
emission. If most disks are made up of optically thick
rings, then dust masses have been systematically un-
derestimated. In this case, CO or gas depletion may
be even more severe than currently estimated, although
large line optical depths may also contribute to underes-
timates of the amounts of CO or gas (e.g. Ansdell et al.
2016; Barenfeld et al. 2016; Long et al. 2017). High-
resolution, multi-band ALMA surveys of protoplanetary
disks can determine whether other disks have continuum
emission and spectral index profiles similar to that of
TW Hya.
Only one other protoplanetary disk, that of HL Tau,
has had its millimeter spectral index mapped at an an-
gular resolution comparable to the TW Hya observa-
tions (ALMA Partnership et al. 2015). The features
are strikingly similar to those of TW Hya—the bright
dust emission rings correspond to low spectral index val-
ues of α ≈ 2 and the emission gaps correspond to high
values of α ≈ 3. HL Tau and TW Hya may therefore
reflect a common pattern in disks. If this is the case, the
abrupt changes in the radial spectral index profiles may
correspond to characteristic width scales for disk gaps.
Measuring gap widths from intensity profiles is associ-
ated with significant ambiguity because an underlying
“unperturbed” profile has to be assumed (e.g. Akiyama
et al. 2016; Kanagawa et al. 2016). Hydrodynamic mod-
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els of planet-forming disks often predict gap widths as a
function of planet mass (e.g. Fouchet et al. 2010; Duffell
& MacFadyen 2013; Zhu et al. 2013; Dong et al. 2015;
Jin et al. 2016), so linking gap widths in physical models
to the widths of rings in resolved spectral index profiles
may be useful for placing upper limits on the masses
of potential embedded planets. However, it is currently
ambiguous which, if any, features in the TW Hya disk
are associated with embedded planets. While recent hy-
drodynamic simulations suggest that a single low-mass
planet can create multiple gaps reminiscent of those ob-
served in the millimeter continuum emission of TW Hya
(Dong & Fung 2017; Bae et al. 2017), van Boekel et al.
(2017) note that their derived gas surface density pro-
file differs from predictions of gaps opened by planets in
Duffell (2015).
5.3. Improving constraints on the structure of the TW
Hya disk
While relatively simple parameterizations of the
molecular abundance and temperature structures can
reasonably reproduce the radial features observed in the
single 12CO transition available at high resolution, bet-
ter constraints need to be obtained on the vertical struc-
ture. Observing multiple transitions of all the isotopo-
logues at comparably high angular resolution can reduce
uncertainties with respect to the vertical distribution of
CO. For example, whereas the inner edge of our 12CO
surface density gap lies at a radius of 15 AU, Zhang
et al. (2017) constrained the inner edge of the gap to
lie at a radius of 22 AU for C18O. This modest differ-
ence may be due to the coarser angular resolution of the
C18O observations, but alternatively it could result from
the onset radius of CO or gas depletion varying slightly
with height, or from isotope-selective effects. Higher-
resolution observations of C18O would clarify the nature
of this apparent difference. Several works have also sug-
gested that the inner few AU of the TW Hya disk may
either be warped or feature deviations from Keplerian
rotation (e.g. Roberge et al. 2005; Rosenfeld et al. 2012;
Debes et al. 2017). These effects alone cannot create
the axisymmetric substructures observed in the main
CO isotopologues, but they would be worth considering
in a more detailed analysis of the disk vertical structure.
With the observations currently available, it is not
straightforward to distinguish between gas disk sub-
structure and CO depletion as the main explanation for
the CO emission morphology. Although the gas surface
density profile derived by van Boekel et al. (2017) ap-
pears to disfavor the possibility that CO is closely trac-
ing the gas distribution, they assumed a constant gas-
to-small-dust ratio. TW Hya is one of the few sources
for which a disk gas mass has been measured without
having to assume either an XCO value or gas-to-dust
ratio, thanks to Herschel observations of HD (Bergin
et al. 2013). Although Cleeves et al. (2015) find that
the bulk gas-to-dust ratio of the TW Hya disk is consis-
tent with that of the ISM, the spatially unresolved HD
observations do not exclude localized gas depletions.
The question of how to reliably distinguish CO and
gas depletion in disks has been raised in a number of
works aiming to estimate the gas masses of protoplane-
tary disks from millimeter/submillimeter surveys of CO
and dust (e.g. Barenfeld et al. 2016; Long et al. 2017;
Miotello et al. 2017). As the nearest disk, TW Hya may
be the most important test case for breaking the degen-
eracy. Miotello et al. (2017) suggest measuring hydro-
carbon abundances to check for evidence of CO deple-
tion, since hydrocarbons are believed to be a carbon sink
when CO is destroyed by He+. C2H and c-C3H2 have
been observed in the TW Hya disk at ≈ 0.′′4 resolution
by Bergin et al. (2016); re-observing at higher resolution
to compare to CO emission, accompanied by chemical
modeling, may yield additional insight into whether and
how XCO varies throughout the disk.
(Magneto)hydrodynamic simulations tailored to TW
Hya would also shed some light on whether the CO emis-
sion morphology is tracing gas substructure rather than
chemical depletion. While a direct correspondence be-
tween the CO and millimeter dust structures is not ob-
vious in the data presented in this work, disk models
indicate that embedded planets and dead zones can cre-
ate gaps and rings in gas and millimeter dust that are
offset from one another and differ in depth and width
(e.g. Pinilla et al. 2016; Ruge et al. 2016; Dong et al.
2017; Facchini et al. 2017b). A model that simultane-
ously matches the TW Hya millimeter observations and
yields a gas surface density profile similar to that of the
inferred CO surface density profile would be compelling
evidence for gas substructure.
6. SUMMARY
We presented new ALMA observations of 12CO J =
3 − 2 in the TW Hya disk at a spatial resolution of 8
AU, representing one of the highest resolution images so
far of molecular line emission in a protoplanetary disk.
We also reprocessed archival 1.3 mm and 870 µm contin-
uum data to produce a spectral index map at a spatial
resolution of 2 AU. Our results and conclusions are as
follows:
1. The 12CO images exhibit radial emission breaks
coinciding with gaps and rings previously observed
in 13CO and C18O emission. We employ LTE ra-
diative transfer modeling to demonstrate that the
12CO emission morphology can be reasonably re-
produced by a sharp drop in the CO column den-
sity at r = 15 AU and a secondary peak at 70
AU.
2. Analysis of the 12CO brightness temperatures and
radiative transfer modeling suggest that the in-
ferred CO column density variations are likely not
associated with the onset of freezeout in the mid-
plane. We propose instead that the variations in
the 12CO column density arise either from spatial
variations in XCO or from gas density reductions
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in the warm molecular layer of the disk. Based on
similar features observed in the much lower abun-
dance isotopologues, we further argue that these
variations are likely present throughout most of
the vertical extent of the warm layer. Distinguish-
ing between CO depletion and gas disk substruc-
tures would be facilitated by obtaining more strin-
gent constraints on the temperature structure of
the disk and observing complementary molecular
tracers of carbon depletion.
3. The 290 GHz spectral index map shows a striking
contrast between spectral index values of ∼ 2 at
the bright continuum emission rings and ∼ 2.7 at
the emission gaps. The high spectral index values
within the emission gaps suggest that the max-
imum grain size is limited to a few millimeters.
The low spectral index values at the continuum
emission rings may be a signature of grain growth
to centimer sizes, but a plausible alternative expla-
nation is that the rings are all marginally optically
thick. The latter possibility is worth investigating
for a larger sample of disks to determine whether
disk dust masses are being systematically under-
estimated.
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APPENDIX
A. ADDITIONAL CALIBRATOR DETAILS
Table A1. Calibrator Sources and Calibration Models
Program Date(s) Bandpass Phase Flux Reference Frequency Flux Density Spectral Index
calibrator calibrator calibrator (GHz) (Jy)
2012.1.00422.S 2015 May 14 J1256−057 J1037−2934 Titana - - -
2013.1.00114.S 2014 July 19 J1037−2934 J1037−2934 Pallasa - - -
2013.1.00196.S 2014 Dec. 24 J1256−0547 J1037−2934 Callistoa - - -
2015 April 5 J1256−0547 J1037−2934 J1037−295 330.624 0.736 -0.53
2013.1.00198.S 2014 Dec. 31 J1058+0133 J1037−2934 Ganymedea - - -
2015 June 15 J1058+0133 J1037−2934 Callistoa - - -
2013.1.00387.S 2015 May 13 J1037−2934 J1037−2934 Ganymedea - - -
2013.1.01397.S 2015 May 19-20 J1058+0133 J1037−2934 J1037−295 335.726 0.587 -0.534
2015.1.00686.S 2015 Nov. 23 J1058+1033 J1103−3251 J1037−2934 350.638 0.604 -0.492
2015 Nov. 30 J1058+0133 J1103−3251 J1107−4449 350.640 0.542 -0.711
2015 Dec. 1 J1058+0133 J1103−3251 J1037−2934 350.640 0.627 -0.468
2015.A.00005.S 2015 Dec. 1 J1107−4449 J1103−3251 J1037−2934 233.0 0.759 -0.468
2016.1.00629.S 2016 Dec. 30 J1058+0133 J1037−2934 J1037−2934 b 345.810 0.728 -0.357
2016 Dec. 30 J1058+0133 J1037−2934 J1058+0133b 345.809 3.568 -0.395
2017 July 4 J1037−2934 J1037−2934 J1037−2934 345.755 0.788 -0.592
2017 July 9 J1058+0133 J1037−2934 J1037−2934 345.756 0.788 -0.592
2017 July 14 J1058+0133 J1037−2934 J1037−2934 345.756 0.646 -0.647
2017 July 20 J1058+0133 J1037−2934 J1037−2934 345.758 0.646 -0.647
2017 July 21 J1058+0133 J1037−2934 J1256−0547 345.757 7.4223 -0.495
aUsed the Butler-JPL-Horizons 2012 models
b Flux density values adjusted from original delivered scripts to correspond with updated calibrator catalog values. All other values are retained
from the ALMA archival scripts.
Table A1 lists the bandpass, phase, and flux calibra-
tors used for all the data presented in this work, as
well as the reference frequency, flux density, and spec-
tral index used to model the spectra of the quasars
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that served as flux calibrators. The ALMA calibrator
catalog flux density values that served as the basis for
the flux calibration on 2016 December 30 for program
2016.1.00629.S were revised downward by 8% after de-
livery of the original data (T. Hunter, private communi-
cation), so we rescaled the fluxes of the datasets accord-
ingly. In all other cases, we retained the original flux
calibration specified in the ALMA archive.
B. BAND 6 AND 7 CONTINUUM IMAGES AND
PROFILES
The 1.3 mm and 870 µm continuum images and ra-
dial brightness temperature profiles are shown in Figure
B1. The inclusion of additional archival data provides
a modest improvement in image fidelity over the images
from Andrews et al. (2016) and Tsukagoshi et al. (2016).
The Planck equation is used to compute brightness tem-
perature because the Rayleigh-Jeans approximation is
typically poor for submillimeter observations of proto-
planetary disks.
C. 13CO J = 3− 2 CHANNEL MAPS
For comparison with the 12CO data, we image
13CO J = 3 − 2 in the TW Hya disk by combin-
ing archival observations from programs 2012.1.00422.S,
2013.1.00196.S, and 2013.1.01397.S. Integrated intensity
maps of 13CO from 2012.1.00422.S and 2013.1.01397.S
were presented separately in Schwarz et al. (2016) and
Nomura et al. (2016), respectively. The raw data were
downloaded from the ALMA archive and calibrated us-
ing the accompanying scripts. The observation setups
are described in Table 1. The 13CO data from each pro-
gram were phase self-calibrated with solutions obtained
from the line-free channels within the same spectral win-
dow. The continuum was then subtracted from the
line emission in the visibility plane using the uvcontsub
task. For the sake of comparison with the 12CO channel
maps, the mstransform task was used to average and
regrid the spectral line visibilities.
The datasets were imaged together with multi-scale
CLEAN, using scales of 0, 0.25, 0.5, 0.75, and 1.25 arcsec
with Briggs weighting (robust = 0). The resulting image
has a synthesized beam with a FWHM of 0.′′44 × 0.′′35
(26 × 21 AU) at a position angle of 71.◦2. The rms
measured in nearby signal-free channels is ≈ 3.5 mJy
beam−1. As with the 12CO data, a primary beam cor-
rection was applied to the image cube, shown in Figure
C2.
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Figure B1. Top left : Image of 1.3 mm continuum emission. The synthesized beam, shown in the lower left corner, has FWHM
dimensions of 61 × 38 mas (3.6 × 2.2 AU) and a position angle of 59.◦4. The rms is 18 µJy beam−1. Top right : The 1.3
mm continuum emission deprojected and replotted as a function of radius and azimuth, with the deprojected, azimuthally
averaged radial brightness temperature profile shown underneath. The Gaussian profile shows the FWHM of the minor axis of
the synthesized beam. Bottom left : Image of 870 µm continuum emission. The synthesized beam has FWHM dimensions of
35 × 28 mas (2.1 × 1.7 AU) and a position angle of 69.◦9. The rms is 31 µJy beam−1. Bottom right : The 870 µm continuum
emission plotted in polar coordinates, with the corresponding averaged radial brightness temperature profile underneath.
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Figure C2. Channel maps of the 13CO J = 3− 2 transition in the TW Hya disk, along with the 870 µm continuum emission in
the upper leftmost panel shown on the same spatial scale. Synthesized beams are drawn in the lower left corner of each panel.
The LSR velocity (km s−1) for each 13CO channel is shown in the lower right corner, matching the velocities shown for 12CO
in Figure 2.
